A 32 P-HPLC method was applied to study the induction of UVB-and UVC-induced DNA lesions (cyclobutane dimers, 6-4 photoproducts and Dewar isomers) in human skin explants. The employed technique was sensitive enough to detect the lesions at a dose of 10 J/m 2 UVB. Comparison of photoadduct formation under UVC and UVB indicated the importance of photosensitization pathways in DNA damage. Dewar isomers were detected only at a high dose of UVB. The compounds were identified by their photochemical reactivity and by spiking with prepared standards. Treatment with nuclease PI was used to identify the 5'-terminal nucleotide. UVA caused no detectable adducts.
P]ATP (sp. act. 3000 Ci/mmol) was purchased from Amersham Corp. Venom phosphodiesterase, prostatic acid phosphatase, proteinase K and bovine serum albumin (BSA') were obtained from Sigma and T4 polynucleotide kinase from US Biochemicals. Nuclease PI was obtained from Boehringer Mannheim. The definition of units for each enzyme was that given by the supplier. All the other chemicals were of analytical grade.
The source for UVC irradiation was a Stratalinker UV Crosslinker 2400 fitted with germicidal lamps that gave chiefly monochromatic 254 nm light. For UVB irradiation a set of four Phillips TL20W/12RS bulbs was used, with an emission peak at -315 nm. The UVB irradiance at the sample level was 8 W/m 2 . The UVC irradiance at 254 nm was -0.04 W/m 2 and the total weighted UVA irradiance was 7 W/m 2 . The fluence rate of UVB was determined during each experiment with a Spectoline DRC-100X digital radiometer (Spectronic Corp., Westburg, USA).
For UVA irradiation a set of four Phillips TLK 40W/10R bulbs was used emitting a broad UVA spectrum. The maximum of the spectral emission was at -365 nm. Irradiance of total weighted UVA at the sample level was 15 W/m 2 . A residual emission of UVC was -0.00003 W/m 2 and UVB emission was -0.037 W/m 2 .
Preparation of the Dewar isomers
The preparation of Dewar photoproduct standards was performed according to Taylor et al. (17) . Previously prepared 6-4 photoproducts (16) were dissolved in water and irradiated by UVB light on Petri dishes at 0°C at a dose of 80 kj/m 2 . The results of photoisomerization were checked by HPLC. Separation of photoproducts was performed by HPLC using an ODS Ultrasphere column (Beckman; 4.6X250 mm, 5 |im particle size) employing gradient elution in which buffer (50 mM ammonium formate, pH 5.4) was mixed with methanol. Initial elution was with 5% methanol for 10 min, followed by a linear gradient for 20 min up to 20% methanol and a final gradient of 60% methanol over 20 min. The flow rate was 0.7 ml/min. The products were detected by dual absorbance at 260 and 320 nm. The obtained compounds were characterized by absorbance spectra and photochemical reactivity.
UV irradiation of the human skin samples
The samples of human skin were obtained from cosmetic breast operations. The skin was mechanically separated from fat and dermal tissues. The samples were placed epidermis up on a filter paper in Pem dishes and incubated with 0.5% pronase in Dulbecco's modified Eagle's medium at 37°C for 3 h. The epidermal layer was taken off and rinsed once in phosphate-buffered saline (PBS) containing 1% BSA and twice in PBS. The epidermis was cut into 10X20 mm pieces, placed on Petri dishes with PBS and exposed to UV light at different doses. After irradiation the samples were immediately frozen at -20°C. The tissue was homogenized in 1 mM MgCl2 and DNA extracted as described (18) . DNA digestion was performed as described (15) .
Enzymatic phosphorylation
The samples were phosphorylated in a total volume of 2 nl containing 50 mM Tns-HCl, pH 7.5, 10 mM MgCl 2 , 10 mM 2-mercaptoethanol, 1.3 pmol [f-32 P]ATP (3000 Ci/mmol) and 6 U T4 polynucleotide kinase. Incubation was performed at 37°C for 1 h.
HPLC assay of UV-irradiated DNA and human skin
The HPLC assay was performed on a Beckman instrument operated with System Gold and coupled to a radioisotope detector module 171. A Kromasil C| 8 column (Phenomenex; 2X250 mm, 5 |im particle size) with a pre-column filter was used. The labelled products were diluted with water up to 50 \l\ and a 20 |il sample was injected onto the HPLC. The separation of photoproducts was performed employing gradient elution with buffer (0.5 M ammonium formate, 20 mM orthophosphoric acid, pH 4.5) mixed with methanol. The initial elution was isocratic with buffer for 5 min, followed by a switch to 0.5 M ammonium formate, 20 mM orthophosphoric acid, 0.1% triethylamine, pH 7.4. A linear gradient was started at 27 min for 35 min up to 7% methanol and up to 100% methanol over 10 min. The column was washed for 10 min with melhanol, followed by a gradient to 100% water over 7 min and finally switched back to the initial buffer. The flow rate was 0.25 ml/min. The products were detected with a 32 P radioisotope detector. For calculations of product values HPLC peaks areas were integrated with System Gold software. Radioactivity from the unirradiated controls was subtracted as a background. The labelling efficiencies of the standards in the DNA digestion mixture were used as a correction factor (15, 16) . All experiments were performed two to three times. Results are given as means ± SE.
Confirmation of the detected photoproducts in UVB-irradiated human skin at 500 J/m 2
All the detected HPLC fractions were tested by spiking with standards. DNA extracted from irradiated human skin at a dose of 500 J/m 2 was digested, labelled as above, diluted with 20 Hi water and injected onto the HPLC column. All peaks that co-migrated with the available standards of cyclobutane dimers, 6-4 photoproducts and Dewar isomers were collected during the HPLC run. Fractions were concentrated on a freeze dryer and diluted with Millipore water. The collected material was tested by the following methods.
UV irradiation at different wavelengths. The samples were placed as drops on Petri dishes and irradiated at a dose of 10 kJ/m 2 by UVC light. Half of the sample was injected onto the HPLC column and the other half was placed on ice and irradiated with UVB at a dose of 36 kJ/m 2 , followed by HPLC assay. Cyclobutane dimers, 6-4 photoproducts and Dewar isomers have distinctive photochemical responses following exposure to different wavelengths of UV light ( Figure 1) . Cyclobutane dimers and 6-4 photoproducts were induced by UVC and UVB. However, the induction of cyclobutane dimers could be reversed by UVC. The photochemical reversion resulted in recovery of a nonmodified compound. The 6-4 photoproducts are stable to modification by UVC, however, they are easily converted by UVB into Dewar photoproducts. UVC irradiation is able to induce isomerization back to the corresponding 6-4 photoproduct (19) . Most of these products had different chromatographic mobilities on HPLC. Together these data provide a basis for identification of the detected compounds.
Nuclease PI treatment. The employed DNA digestion procedure released trinucleotides with a non-modified nucleotide at the 5'-end containing the dipyrimidine lesions. Nuclease PI treatment releases the 5' nucleotide from the labelled material (20) . Therefore, identification of the released products can give an additional confirmation of the detected products.
A part of each fraction was concentrated under vacuum in a Speed Vac centrifuge and diluted with 1.5 mM ZnCl 2 and the pH adjusted with HC1 to 6 0. Nuclease PI (5 ng) was added to each sample. Digestion was carried out at 37°C for 1 h. The results were analyzed by HPLC.
Detection of Dewar isomers in UVC-and UVB-irradiated DNA
DNA was irradiated at first by UVC at a dose of 10 kJ/m 2 , followed by exposure to UVB at a dose of 36 kJ/m 2 . Digested and labelled samples were analyzed by 32 P-HPLC. Fractions that co-migrated with the available standards of Dewar photoproducts were collected and concentrated in a freeze dryer. Testing of photochemical reactivity, spiking with standards and nuclease PI treatment were carried out as described above.
The same procedure was performed with DNA irradiated by UVB at a dose of 36 kJ/m 2 .
Detection of total level of cyclobutane dimers in UVC-irradiated DNA
DNA was irradiated with UVC at a dose of 50 J/m 2 as above. The digestion of DNA was performed with snake venom phosphodiesterase and prostatic acid phosphatase as described (15) . The enzymes were inactivated by heating at 100°C for 5 min. The proteins were removed by ethanol precipitation and the recovered supematants were dried. The hydrolyzed material was diluted with 20 nl water and irradiated with UVC at a dose of 10 kJ/m 2 . The samples were again evaporated to dryness. 32 P-Postlabelhng was performed with the concentrated samples as well as with 10 times diluted aliquots in parallel experiments. HPLC assays were performed as described above. The adduct level was estimated by integration of the peak areas, subtracting radioactivity of the unirradiated controls as a background. The recovery was determined by post-labeling a known amount of the T=T standard with unirradiated DNA.
Results

Preparation of the Dewar isomers
Dewar isomers of the corresponding 6-4 photoproducts were obtained under UVB light according to Taylor et al. (17) . Isomerization at the dose used was complete and no additional products were detected by HPLC. The standards obtained were ATT, AT*C, GT*T, CT*C, TT*T and TT*C. The products were characterized by typical changes in the absorbance spectra in that the absorbance band at ~320 nm disappeared. The photochemical reactivity also confirmed the identity (17) . Figure 2 shows typical photochemical reactivity of a Dewar isomer. Figure 2A represents a chromatogram of 32 P-postlabelled TT*T. Figure 2B shows a chromatogram of TT*T irradiated with UVC at a dose of 10 kJ/m 2 . Figure 2C shows the results of a sequential irradiation of TT*T by UVC followed by UVB. Figure 2D shows a chromatogram of TT-T.
Dewar isomers were quite good substrates for T4 polynucleotide kinase phosphorylation. Labelling efficiencies of the obtained products were: ATT, 11%; AT*C, 26%; GT*T, 40%; CT*C, 30%; TT*T, 40%; TT*C, 30%. Like trinucleotides containing cyclobutane dimers and 6-4 photoproducts, the corresponding Dewar isomers were resistant to subsequent treatment with snake venom phosphodiesterase and prostatic acid phosphatase under the conditions used for DNA digestion.
The HPLC solvent system was able to achieve separation of 6-4 photoproducts and the corresponding Dewar isomers. On HPLC it was possible to separate most of the Dewar isomers from each other, however, TT*T and GT*T comigrated. Also, the synthesized products co-migrated with some previously synthesized photoadducts. AT=T co-migrated with TT*T and GT*T and AT-T with AT*C. 32 P-HPLC assay of UVC-irradiated DNA DNA irradiated at different doses was analyzed by HPLC. It was possible to detect AT=T, TT=T and TT=C at a dose of 10 J/m 2 . The respective adduct levels were: AT=T, 0.32; TT= T, 3.0 ± 2.2; TT=C, 2.8 ± 1.5 adducts/10 6 nucleotides. The dose-response curves were practically linear in the dose range up to 500 J/m 2 ( Figure 3A) . Formation of cyclobutane dimers followed the order TT=T > TT=C > AT=T.
AT-T, TT-T and TT-C were detected at a dose of 10 J/m 2 . The adduct levels were: AT-T, 36 ± 23; TT-T, 8.8±5.3; TT-C, 8.7 ± 8.3 adducts/10 8 nucleotides. The dose-response curves were linear in the dose range up to 500 J/m 2 ( Figure  3B ). The formation of 6-4 photoproducts followed the order TT-T > TT-C > AT-T.
Formation of cyclobutane dimers was more efficient than that of 6-4 photoproducts in the irradiation range used.
P-HPLC assay of UVC-irradiated human skin in vitro
Human skin samples irradiated at different doses of UVC were analyzed by HPLC. An HPLC chromatogram of the mixture of cyclobutane dimers and 6-4 photoproducts is shown in Figure 4A . A sample of human skin UVC irradiated at a dose of 200 J/m 2 is shown in Figure 4C . TT=T and TT=C were DNA and skin explants is shown in Figure 5 . All the lesions quantitated were present at higher amounts in DNA. AT-T, TT-T and TT-C were detected at a dose of 50 J/m 2 at concentrations of 0.8, 2.9 and 1.6 adducts/10 7 nucleotides respectively. The dose-response curves were fairly linear ( Figure 6B ).
Formation of cyclobutane dimers was higher than that of 6-4 photoproducts for TT#T and TT#C.
P-HPLC assay of UVB-irradiated human skin
Samples of UVB-irradiated human skin were analyzed by HPLC. An example of a HPLC chromatogram of human skin irradiated at a dose of 200 J/m 2 is shown in Figure 4B . TT= T and TT=C cyclobutane dimers were detected at a dose of 10 J/m 2 at levels of 0.9 ± 0.07 and 2.2 adducts/10 7 nucleotides respectively. AT=T was detected only at a dose of 200 J/m 2 at 6.5 ± 1.0 adducts/10 7 nucleotides. Induction of cyclobutane dimers in human skin was linear. The level of TT=C was slightly higher than that of TT=T ( Figure 6A ).
TT-T and TT-C were detected at a dose of 50 J/m 2 at levels of 1.1 and 1.6 ± 0.4 adducts/10 7 nucleotides respectively. AT-T became detectable only at a dose of 500 J/m 2 at 8.1 ± 0.8 adducts/10 7 nucleotides. Induction of 6-4 photoproducts in human skin was linear. The order of the induction was TT-C > TT-T > AT-T ( Figure 6B ). Formation of cyclobutane dimers was more efficient than that of 6-4 photoproducts.
Comparison of products caused by exposure at a dose of 200 J/m 2 in DNA and skin explants is shown in Figure 7 . It is particularly noteworthy that UVB induced relatively more photoproducts, particularly cyclobutane dimers, in skin explants than in DNA. This suggests that photosensitization, i.e. induction of photoproducts by other excited molecules, takes place particularly when skin-penetrating UVB is used.
P-HPLC assay of UVA-irradiated DNA and human skin
Samples of UVA-irradiated DNA and human skin were analyzed by 32 P-HPLC. In the dose range 25 kJ/m 2 -100 J/m 2 no adducts were detected. Figure 8 A represents a chromatogram of the control human skin and Figure 8B shows UVA-irradiated human skin at a dose of 12.5 kJ/m 2 .
Identification of the peaks in the UVB-irradiated human skin
A human skin sample irradiated with UVB at a dose of 500 J/m 2 was analyzed by 32 P-HPLC. The HPLC peaks comigrating with the available standards were collected and analyzed for photochemical reactivity. The two major products induced by UVB, TT=T and TT=C, had the typical behavior of cyclobutane dimers in undergoing photochemical reversion. Furthermore, it was confirmed by nuclease PI treatment that the adducts contained thymidine at the 5'-end. The fraction that co-migrated with the AT=T, TT*T and GT*T standards (see Figure 4A and B) appeared to be a mixture of cyclobutane dimers containing cytosine and adenine at the 5'-end. However, there was no indication of the presence of Dewar isomers in this fraction. The peak co-eluting with TT-T and GT-T was stable under UVC irradiation, but under UVB it was converted to a single product co-eluting with TT*T. Nuclease PI treatment indicated the presence of thymidine and cytosine nucleotides in approximately equal amounts at the 5'-end. This suggests that the collected fraction represents a mixture of 6-4 photoproducts, containing TT-T but not GT-T. The peak co-eluting with TT*C was also present in non-irradiated DNA and human skin. After irradiation in the dose range up to 500 J/m 2 an increase in this peak was not detected. The product co-migrating with AT*T was sensitive to UVC, resulting in a product co-eluting with unmodified trinucleotides. This is consistent with the behavior of a cyclobutane dimer. Thus no detectable quantities of Dewar isomers were present. The peak co-chromatographing with TT-C was stable under UVC and after UVB irradiation it was converted to a product co-eluting with TT*C. Nuclease PI treatment indicated the presence of thymidine at the 5'-end of the labelled material. This is consistent with the fraction being TT-C.
The fraction co-migrating with AT-C was stable under UVC, but under UVB it was converted to a product with a retention time distinct from AT*C. This product was sensitive to nuclease PI treatment, however, it was not possible to identify the released products and thus the product remained unidentified. This indicated that the isolated peak did not contain AT-C. Unfortunately, it was not possible to perform a similar procedure with the peak co-eluting with AT-T and AT*C due to the low level of formation of this fraction.
Detection of Dewar isomers in heavily UVC/UVB-and UVBirradiated DNA
DNA was at first irradiated with 10 kJ/m 2 UVC followed by UVB irradiation at a dose of 36 kJ/m 2 . Testing of the photochemical reactivity of the fractions co-migrating with TT*T and TT*C was consistent with Dewar photoproducts.
A peak which co-eluted with TT*T on HPLC was quite broad, indicating the presence of a complex mixture of labelled compounds ( Figure 9A ). The fraction was sensitive to UVC irradiation and as a result three new products emerged at -40.5, 42.5 and 75 min ( Figure 9B) . The peak at 42.5 min co-eluted with TT-T in a spiking experiment ( Figure 9C) . The products at 40.5 and 42.5 min were sensitive to UVB irradiation and underwent conversion to a compound with a retention time similar to the isolated fraction ( Figure 9D ), typical of Dewar isomers. The peak at ~75 min was stable under UVB irradiation and co-eluted with unmodified trinucleotides, suggesting the presence of cyclobutane dimers in the labelled material. The results of nuclease PI treatment indicated the presence in the labelled material of thymidine and adenine at the 5' position of the detected products. These data are consistent with the presence of TT*T in the isolated fraction. The same procedure was performed with DNA irradiated with 36 kJ/m 2 UVB. TT*T and TT*C were detected, but in significantly lower amounts than in DNA sequentially irradiated with UVC and UVB.
The total level of the cyclobutane dimers in UVC-irradiated DNA DNA irradiated at a dose of 50 J/m 2 was analyzed by 32 P-HPLC. A chromatogram of the control DNA is shown in Figure 10A and of irradiated DNA in Figure 10B . UVC irradiation caused a peak co-eluting with unmodified trinucleo- tides. Other peaks also emerged which co-eluted with unmodified dinucleotides TT and TC. The dinucleotides represented 27 and 4% respectively of the total recovered radioactivity (di-and trinucleotides together). During this procedure there was no detectable loss of the T=T standard with which the control DNA was spiked before digestion. The total level of cyclobutane dimers was calculated to be 1.4 adducts/10 4 nucleotides at a dose of 50 J/m 2 .
Discussion
UVC and U VB irradiation of DNA resulted in a linear induction of cyclobutane dimers and 6-4 photoproducts. The abundance of these lesions followed the order: TT#T > TT#C > AT#T for UVC. The spectrum of products for UVB was only slightly different. UVC irradiation induced average ratios TT=T:TT= C of 1.8 and TT-T:TT-C of 1.4. For UVB the corresponding ratios were 1.25 and 0.98. UVC irradiation resulted in adduct levels ~5-to 7-fold higher compared with UVB, in good agreement with the data obtained by Mitchell et al. for cyclobutane dimers (21) . This indicated that UVC is a more potent inducer of dipyrimidinic lesions. UVC and UVB irradiation of the human skin samples also showed a linear induction of cyclobutane dimers and 6-4 photoproducts. The yield of these lesions in UVC-and UVBirradiated human skin was TT#C > TT#T > AT#T. UVC induced TT=T:TT=C and TT-T:TT-C ratios of 0.97; for UVB the respective values were 0.81 and 0.63. Even though the ratios of photoproducts differed, the efficiency of formation in skin was approximately equal in samples irradiated by UVC and UVB.
It has been shown that UVA is able to induce different types of DNA damage (22) (23) (24) . However, at the applied dose range (up to 25 kJ/m 2 ) dipyrimidine lesions were not found in DNA and human skin. The detection limit of our assay can be estimated to be <1 adduct/10 7 nucleotides. This indicated that the capacity of UVA to induce cyclobutane dimers and 6-4 photoproducts was very weak compared with UVC and UVB.
Reduced photoproduct induction by UVC in human skin compared with purified DNA is presumed to result from shielding by the keratinized layer of the epithelium (15) .
However, experiments with UVB gave opposite results, induction being higher in human skin than in DNA. A plausible explanation of this could be that adduct formation by UVC and UVB takes place partially through different mechanisms. UVC is able to form photoadducts by means of direct excitation of nucleotide bases (25) , while UVB is capable of introducing DNA damage by two mechanisms. The first is the same pathway as for UVC; the second is via photosensitized molecules (26, 27) . There is no direct evidence that endogenous photosensitizers can catalyze pyrimidine dimerization. Yet it has been proved that some molecules with unsaturated bonds are able to mediate the effects of UVB, as well as UVA, via energy transfer to nucleotides, inducing cyclobutane dimers (26, 27) .
The ultimate dipyrimidinic adducts formed under chronic exposure to solar radiation have been suggested to be cyclobutane dimers and products of the final isomerization of 6-4 photoproducts, Dewar isomers (19, 28) . The data are scanty about their biological activity. However, some studies show that this class of products has mutagenic potential and, for example, T*C is a stronger promutagenic lesion than T-C (29). In our study, in spite of good labelling efficiency and stability of the standards, Dewar isomers were not detected in human skin explants at doses up to 500 J/m 2 UVB. We were able to identify two Dewar isomers, TT*T and TT*C, in the experiments with DNA sequentially irradiated at high dose with UVC/UVB and at high dose with UVB alone. These data suggest that formation of Dewar isomers is much rarer than that of 6-4 photoproducts or that these products can be formed at sites for which we have no standards. Also, we do not presently know to what extent variables, such as chronic exposure to UVB and different repair rates of 6-4 photoproducts and Dewar isomers, influence the relative level of photoproducts in biological samples.
Recovery estimation is an important part of all quantitative techniques. Previous studies have reported higher recoveries of dipyrimidinic lesions as compared with our study. The assay of cyclobutane dimers with T4 endonuclease in UVC-irradiated DNA at a dose of 50 J/m 2 resulted in 3. 5 nucleotides for TT=T, TT=C and AT=T together. Assuming that all the XT=T and XT=C trinucleotides are formed in equal proportions, the total yield at 50 J/m 2 would be ~0.3 cyclobutane dimers/10 4 nucleotides. Additionally there will be a minor contribution from XC=T and XC=C. To assess the total level of cyclobutane dimers a procedure was developed by converting cyclobutane dimers to unmodified products. This approach, apart from quantifying cyclobutane dimers for which we have no standards, allowed losses during DNA digestion to be accounted for. Our data from the same DNA sample showed an adduct level of 1.4 cyclobutane dimers/10 4 nucleotides. Unfortunately, at the present moment we are unable to estimate the total level of 6-4 photoproducts by 32 P-postlabelling. However, the ratio of cyclobutane dimers and 6-4 photoproducts estimated by 32 P-HPLC was in a good agreement with data from the literature (19, 33) . This indicates that: (i) 32 P-postlabelling results are consistent with data obtained by different techniques; (ii) induction of cyclobutane dimers takes place to a significant extent at sites for which we have no standards.
In conclusion, 32 P-HPLC is able to quantitatively distinguish UVA, B and C pbotoproducts cyclobutane dimers, 6-4 photoproducts and Dewar isomers. The method is sensitive enough to detect cyclobutane dimers and 6-4 photoproducts in human skin explants at a level of UVB exposure below the minimal erythema dose. This should allow us to apply this technique to actual human samples in an attempt to determine a correlation between different adduct levels and other factors relating to cancer development.
